Young HII regions are an important site to study O star formation based on distributions of ionized and molecular gas. We revealed that two molecular clouds at ∼ 48 km s −1 and ∼ 53 km s −1 are associated with the HII regions G018.149-00.283 in RCW 166 by using the JCMT CO High-Resolution Survey (COHRS) of the 12 CO (J=3-2) emission. G018.149-00.283 comprises a bright ring at 8 µm and an extended HII region inside the ring. The ∼ 48 km s
Introduction
The feedback effects by high-mass stars including UV radiation, strong stellar winds, super nova explosions in the end of their lives exert profound effects on galactic evolution and star formation. It is therefore an important issue in astrophysics to understand the mechanism of high-mass star formation.
In spite of tremendous efforts devoted to resolve the issue, both in theoretical and observational points of view, details of high-mass star formation is deeply veiled (Zinnecker & Yorke 2007) . Habe & Ohta (1992) developed numerical simulations on supersonic collision between uneven clouds and the study was followed-up by Anathpindika (2010) and Takahira et al. (2014) ; these authors made numerical simulations of collision between a small cloud and a large cloud and showed that a strongly collision-compressed interface provides physical conditions with much higher density than prior to the collision favorable for enhanced star formation. The morphology of the collision is characterized by a cavity in the large cloud created by the small cloud, where stars are formed by triggering. Inoue & Fukui (2013) made magnetohydrodynamical (MHD) numerical simulations of the collisional interface and showed that massive dense cloud cores are formed in the compressed layer. Their simulations demonstrated that the supersonic collision creates turbulent gas motion with amplified magnetic field leading to a high-mass accretion rate of 10 −4 -10 −3 M ⊙ yr −1 . Such a mass
accretion rate satisfies what is required to form high-mass stars by overcoming the stellar feedback of high radiation pressure (Wolfire & Cassinelli 1987; McKee & Tan 2003) .
The ultraviolet radiation emitted by high-mass stars ionizes the ambient neutral gas and creates HII regions of various sizes as listed in a number of catalogs of HII regions (e.g., Sharpless 1959; Rodgers et al 1960; Churchwell et al. 2006; 2007) . In the early phase of high-mass star formation, high-mass stars are located in dense molecular cloud cores and they produce compact and dense HII regions. These are called ultra-compact HII regions and possibly an early phase of HII region evolution. They may evolve into more extended HII region later like compact HII regions or usual HII regions (Churchwell et al. 2006) . The previous studies observed molecular clouds in extended HII regions with a size of 10 pc and found evidence for cloud-cloud collision which triggered formation of superstar clusters; Westerlund2 (Furukawa et al. 2009; Ohama et al. 2010) , NGC3603 (Fukui et al. 2014 ) and RCW38 (Fukui et al. 2016) . The super star clusters are a dense stellar system including stars of 10 4 M ⊙ in < ∼ 1 pc 3 . A common property among these molecular clouds is that the molecular column density is as high as 10 22−23 cm −2 and the relative velocity between the colliding clouds is 10 -20 km s −1 . This large velocity separation is not explained as due to stellar winds or supernova explosions, but is due to large scale gas acceleration by collective stellar feedback like super shells, or galactic spiral arms/stellar gravity over ≥ 1000 Myrs. The observations suggest that such a supersonic collision between two clouds causes trigger of super star clusters or O star (s) in 0.1 -1 Myr, a crossing time scale of a 1 -10 pc cloud by ∼ a relative velocity 10 km s −1 .
Detailed observational investigations of HII regions having a size of 1 -10 pc discovered isolate O star formation by collision between molecular clouds of 10 3 M ⊙ ; M20 (Torii et al. 2011; Torii et al. 2017 ) and RCW 120 ). Common properties of these clouds are that the two clouds show complementary distribution and bridge features linking them in velocity. Torii et al. (2017) argued that synthetic observations of colliding clouds of numerical simulations by Takahira et al. (2014) reproduce the bridge features in M20. In addition, Haworth et al.(2015ab) showed that bridge features are consistent with the simulations and presented constraints on the lifetime of the bridge features. Recently, cloud-cloud collision was reported in the nearest high-mass star forming regions M42, NGC 2024 and NGC 2068/2071 in Orion (Fukui et al. 2018; Ohama et al. 2017; Tsutsumi et al. 2017) . These authors proposed that cloud-cloud collision triggers O star formation in seemingly single-velocity clouds, whereas they comprise always two velocity components as revealed by detailed analyses of the cloud velocity field. Figure 1a shows three color images of the RCW 166 region at mid-infrared radiation with Spitzer (blue 3.6 µm, green 8 µm, and red 24 µm) (Churchwell et al. 2006) . The 3.6 µm represents stars, the 8 µm mainly the PAHs, and the 24 µm warm dust in HII regions. RCW 166 comprises two Spitzer bubbles N21 and N22 and an HII region G018.149-00.283, which are located in a giant molecular cloud of ∼ 10 5 M ⊙ as shown by Paron et al. (2013) . In addition, supernova remnant (SNR) G18.1-0.1 is located on the west side of G018.149-00.283, although it is not clear if the SNR is interacting with the molecular cloud. Lockman (1989) detected radio recombination lines in N21 at 43.2 km s −1 . Paron et al. (2013) showed that one O star is located in N 21 (shown by a triangle in Figure 1 ) based on a near infrared and spectroscopic optical study. Watson et al. (2008) identified 21
YSO candidates around N21. N22, including 11 O-star candidates (Ji et al. 2012) , might shows more active star formation than N21. Kolpak et al. (2003) detected radio recombination line in N22 at 51 km s −1 . Observatory. Paron et al. (2013) made a detailed analysis of GRS and identified molecular gas associated with N21, N22, and G018.149-00.283. These authors estimated the molecular mass directly associated with RCW 166 to be 1 × 10 5 M ⊙ by assuming the local thermodynamic equilibrium from the integrated intensity of the 13 CO (J=1-0) emission. Bronfman et al. (1996) detected CS (J=2-1) emission at 54.9 km s −1 in RCW 166. In order to obtain data at higher angular resolution than GRS we used the 12 CO (J=3-2) in CO High-Resolution Survey (COHRS) with JCMT (Dempsey et al. 2013 ) and focused ourselves on detailed molecular distribution and kinematics in the central 20 pc of RCW 166, where the molecular gas is densest and star formation is most active. Section 2 describes the datasets, Section 3 gives results, Section 4 develops discussion on cloud-cloud collision, and Section 5 presents conclusions.
Datasets
The present work used three datasets of GLIMPSE I, MIPSGAL, and COHRS. GLIMPSE I (Benjamin 2003) presents infrared images of the inner Galaxy taken with IRAC (Fazio et al. 2004 ) on board Spitzer Space Telescope (Werner et al. 2004 ) for 10 • < l < 65
• and 295
• , and -1
The angular resolutions are from 1.5 arcsec (3.6 µm) to 1.9 arcsec (8.0 µm) at wavelengths 3.6, 4.4, 5.8, and 8.0 µm. MIPSGAL (Carey et al. 2005) In COHRS (Dempsey et al. 2013 ) observations of the 12 CO(J=3-2) emission were made with Heterodyne Array Receiver Program (HARP; Buckle et al. (2009) ) installed at James Clerk Maxwell
Telescope (JCMT). These observations covered 29 square degrees listed in Table 1 of Dempsey et al. (2013) . HARP is a superconductor-insulator-superconductor (SIS) receiver of 16 (4×4) pixels separated by 30 arcsec. The beam size and the main-beam efficiency are 14 arcsec and 0.61, respectively.
4
The spectrometer has a frequency resolution of 0.488 MHz or a velocity resolution of 0.42 km s
with a 1 GHz coverage. The archival data covers -30 km s −1 < V lsr < 155 km s −1 . The observations were made in the on-the-fly mode and a grid spacing is taken to be 7.3 arcsec about a half of the main beam size. Pointing accuracy is about 2.0 -2.5 arcsec. Typical rms noise is about 2 K ch −1 in T*a for 0.42 km s −1 resolution.
Results

Global molecular gas distribution in RCW 166
Figure 1b shows integrated intensity distribution of 12 CO J=3-2 integrated from 39.6 to 54.6 km s −1 , when we see the CO features toward N21 and N22. Figure 2 shows a velocity channel distribution of the 12 CO J=3-2 emission for a velocity range from 43.6 km s −1 to 55.6 km s −1 where molecular clouds on the near side of the Scutum arm (Reid et al. 2016 ) are seen. Molecular clouds in > ∼60 km s −1 are probably in Norma arm (Reid et al. 2016) and not interacting with N21, N22, G018.305-00.391, and G018.149-00.283, and hence we do not treat the clouds in this paper. By focusing on the HII regions and multiple O stars, signatures of active formation of young high-mass stars, we recognized the following three regions of distinct star formation in Figure 1a as already described and discussed at a lower angular resolution of GRS by Paron et al. (2013) ; one is the main CO peak toward the HII region G018.149-00.283 (18.15 3.2 Molecular gas toward N21 and N22 Figure 3 shows the 12 CO(J=3-2) distributions toward N21 and N22. In panels b and c, longitudevelocity diagrams for N21 and N22, we found no significant line broadening toward N21 and N22
and suggest that the two show no signatures of expansion with velocity greater than ∼ 3 km s −1 . 3.3 Molecular gas toward G018.149-00.283 Figure 5 shows details of the molecular gas toward the HII region G018.149-00.283 for the two velocity ranges, the blue-shifted cloud 47.6 -49.6 km s −1 (5a) and the red-shifted cloud 51.6 -55.6 km s −1 (5b). The molecular gas in the intermediate velocity range The figure shows that the cloud is continuous over 8 km s −1 at a velocity gradient of 2 km s −1 /pc in the direction perpendicular to the ring.
Discussion
We presented the molecular gas distribution in the RCW 166 region based on the JCMT archival data. The region is divided into three parts of HII bubbles, G018.149-00.283, N21, and N22. In the following we test a cloud-cloud collision scenario by considering the cloud-cloud collision model for RCW 120 by Torii et al. (2015) . In the scenario a small cloud and a large cloud collide and the small cloud creates a cavity in the large cloud (Habe & Ohta 1992; Anathpindika 2010; Takahira et al. 2014) . Takahira et al. (2014) made hydrodynamical numerical simulations of two colliding spherical clouds. One of the clouds, the small cloud, has a radius of 3.5 pc an the other, the large cloud has a radius of 7.2 pc. Details of the head-on collision are summarized in Table 2 . Figure 6a shows a schematic view of the collision seen from the direction perpendicular to the cloud relative motion at two epochs, 0.0 Myr and 1.6 Myr, after the onset of the collision based on the numerical simulations.
The small cloud is producing a cavity in the large cloud by the collisional interaction at 1.6 Myr. The interface layer of the two clouds has enhanced density by collision, and the internal turbulence mixes the inhomogeneous gas of the clouds into the layer. In this situation, consequently, the collision compresses gas in the two clouds into an interface layer, which becomes gravitationally unstable, leading to formation of high-mass star(s) inside the cavity. This provides an alternative to the usual stellar wind/ionization bubble scenario discussed in the literature (e.g., Zavagno et al. 2010 ). An important difference between the two scenarios is that the collision scenario explains the formation of the first generation star as caused by collision, whereas the wind-bubble model has no explanation on the first star formation. It remains to be tested if the second generation stars are formed by the wind compression or by the collision at compression. A recent estimate of a cloud-cloud collision frequency in hydrodynamic simulations of isolated galaxies suggests that collision between molecular clouds is frequent enough to happen, every several Myr, within a lifetime of a giant molecular cloud 20 Myrs (Fujimoto et al. 2014; Dobbs et al. 2015) .
Therefore, we need to explore if the collision is a viable scenario in RCW 166.
A schematic of the model is shown in Figure 8 . This indicates that the small cloud produces a cavity in the large cloud and the interface between the two clouds forms a dense shock-compressed interface layer which leads to star formation. In an early phase of the collision, only two clouds are seen without stars and this is phase I which is difficult to recognize because there is no obvious sign of high-mass star formation. In the next step, phase II, an O or B star forms in the interface where an HII region is not yet highly developed. This is a phase where a compact HII region without extended ionization is observed and the two colliding clouds with different velocity are observable as complementary distribution. Then, phase III with extensive ionization will follow, where the inside of the cavity is filled with HII gas ionized by an O star and the small cloud is dissipated by ionization and collisional merging into the compressed layer. Remnant gas of the small cloud may remain outside the ring, depending on the initial cloud morphology; a case in RCW 120 shows such a remnant cloud just outside the bubble opening .
4.1 Possibility of cloud-cloud collision in G018.149-00.283, N21, and N22
G018.149-00.283 showing the most intense CO emission seems to be the youngest high-mass star formation in RCW 166. Figure 7d shows simulations of the cloud velocity distribution based on synthetic observations of the two colliding clouds by Takahira et al. (2014) . Figure 7c is consistent with the model calculations in colliding clouds in Figure 7d , lending support for the cloud-cloud collision scenario in G018.149-00.283; the largest velocity in Figure 7d corresponds to that of the small cloud and the gas between the two clouds shows a nearly uniform velocity gradient. A difference is that the cavity created by the small cloud is not so clear in the present observation, possibly because of the small extension of the large cloud to the west. Cloud-cloud collision in phase II is a possible scenario to be applied to G018.149-00.283; the small cloud with an HII region which is surrounded by a molecular cavity is explained as in Figure 8 (phase II). In the present observations we find two clouds at 54 km s −1 and 50 km s −1 , where the small cloud is red-shifted, indicating that the small cloud is moving away from us. The HII region is shifted from the compressed layer because the small cloud is moving quickly. The two clouds are linked continuously in velocity (Figure 7c ) and show complementary distribution (Figure 5c ), demonstrating the typical observational signature of cloudcloud collision. The collision parameters are as follows; the relative velocity is 4 km s −1 for a depth of the bubble of 6 pc in projection. A ratio between them yields roughly ∼ 1.5 Myr for the collision time scale. The column density and molecular gas may be uncertain due to ionization by the formed O star. By assuming that the ionization is insignificant, we estimated the masses of the small cloud and the ring cloud to be 1.7 × 10 4 M ⊙ and 1.4 × 10 4 M ⊙ , respectively if the LTE is adopted for GRS data 13 CO(J=1-0).
In N21, the collision scenario is also applicable to explain the star formation, because there are two clouds, one at 45 km s −1 , a candidate for the large cloud (ring cloud), follows the bubble shape and the other at 48 km s −1 inside the bubble, a candidate for the small cloud. We estimated the masses of the ring cloud (45 km s −1 ) and the small cloud (48 km s −1 ) to be 0.8 × 10 4 M ⊙ and 0.9 × 10 4 M ⊙ , respectively, by assuming the LTE from GRS data 13 CO(J=1-0) with excitation temperature T ex = 20 et al. 2009 ) and abundance ratio X13 CO/H 2 = 2.0 × 10 −6 (e.g., Simon et al. 2001) . We remark that the collision scenario is appropriate in N21 since the molecular gas shows no apparent sign of expansion (Figure 3) , which is similar to RCW 120. This indicates that stellar feedback is not effective to form the ring. One O star is located in the bubble and they are able to ionize inside of the ring. N21 would correspond to phase III, where the small cloud is not yet fully dissipated. The small relative velocity may be due to a projection effect, and the collision time scale is crudely estimated to be 5 pc / 5 km s −1 = 1 Myr.
In N22, the number of OB stars and O-star candidates is large, 2 and 11, indicating that the initial column density of the colliding gas was possibly high like 10 23 cm −2 (cf., Fukui et al. 2018 ).
We estimate the mass of the ring cloud to be ∼0.5 × 10 4 M ⊙ by assuming the LTE from GRS data 13 CO(J=1-0). There is one velocity component at 50 km s −1 which delineates the infrared ring, while we see no observed hint for a secondary cloud inside the ring. We suggest that the 50 km s −1 cloud extending to the west is possibly a remnant of the secondary cloud, which is analogous to RCW 120 having a remnant of the other cloud located outside the ring. N22 would correspond to a late stage phase III, where the ring molecular gas is becoming dissipated by ionization. The dynamical age of the HII region in N22 was estimated to be 0.06-0.15 Myr by Ji et al. (2012) , although the ambiguity is large. It is possible that the evolution of N22 have been accelerated by the large number of O stars.
Star formation in RCW 166
An overall scenario in RCW 166 is as follows. The initial state is a large central cloud associated with G018.149-00.283, N21, and N22 having total mass of ∼ 1.0 × 10 5 M ⊙ . Three small clouds with different velocity collided with the central cloud in the last Myr. We can identify candidates for these small clouds in Figure 4b ; for G018.149-00.283, the inner red-shifted cloud (Figure 7b ), for N21, the The present case suggests a fairly high frequency of cloud-cloud collision. The region is located at 4 kpc from the sun and the radius from the Galactic center is about 4 kpc. This indicates a site inside the molecular ring where cloud-cloud collision is frequent. The high cloud density in the molecular ring suggests a collision mean free time to be short, several Myrs (Fujimoto et al. 2014; Dobbs et al. 2015) . In a localized region where cloud density is even higher than the average the timescale is proportional to (cloud number density) −1 and, can be shorter. This may explain the fairly high frequency of collision in the RCW 166 region. The long filamentary cloud distribution may also favor such frequent collisions like in case of the filamentary clouds in N159 in the LMC Saigo et al. 2017) .
The above argument is a unique scenario for O star formation. It is possible that the O stars and HII regions were formed by cloud-cloud collision in N21 and N22. It is however worth mentioning that there are ∼ 30 low-mass YSOs around the present bubbles, and they are all distributed outside the bubbles, whereas the O stars are all located inside the bubbles which are suggested to be formed by cloud-cloud collision (Figures 1 and 4 ) . This favors an interpretation that O stars are preferentially formed under external trigger, most probably by cloud-cloud collision, and low-mass stars formed without collisional triggering. Apparently, the number of O/B early stars is large as compared with that of observed low-mass stars, suggesting that the region may have a top-heavy stellar mass function as compared with the field stellar mass function with a Salpeter-like slope. This does not strongly affect the universal IMF in general because the number of O stars formed by triggering is yet very small and the evolution is very rapid for the O stars.
Conclusions
We have carried out a new analysis of molecular gas toward the RCW 166 region by using the JCMT CO (J=3-2) archival data. We found molecular gas associated with three bubbles and interpreted the results in terms of the cloud-cloud collision model presented for RCW 120 by Torii et al. (2015) . The main conclusions are as follows;
1. The 12 CO(J=3-2) data show the molecular gas at 0.3 pc resolution associated with the three HII regions including two Spitzer bubbles N21 and N22, and the HII region G018.149-00.283. The molecular gas shows ring-like distributions similar to these bubbles. The total mass of the molecular gas associated with G018.149-00.283, N21, and N22 is ∼ 1.0× 10 5 M ⊙ within 20 pc. pursue the effect of on-going collision in the molecular gas distribution.
3. Bubbles N21 has molecular gas associated with the infrared ring and a secondary gas component which is associated with the young O star(s) inside the ring. The inner cloud is significantly smaller than the inside of the ring and does not show complementary distribution. This may be due to the ionization of the inner cloud by the four O stars.
4. N22 is another bubble with ring-like molecular gas. We do not see molecular gas inside the bubble, whereas there are candidates for a secondary cloud just outside the ring. N22 has one O-and one Btype star and 11 O-star candidates inside the ring and dominate high-mass formation in RCW 166.
The small cloud which possibly collided here may be already dissipated by collisional merging and ionization.
5. The molecular gas is rich with filamentary distributions in RCW 166. The average mean free time between GMC collision is estimated to be 7 Myrs at R = 6 kpc (e.g., Fujimoto et al. 2014; Dobbs et al 2015) . The collision interval 1 Myr is smaller than the timescale. The RCW 166 region is more enhanced in cloud density as manifested many filamentary clouds, which collide possibly more often than the Galactic average. Note. † The initial relative velocity between the two clouds is set to 10 km s −1 , whereas the collisional interaction decelerates the relative velocity to about 7 km s −1 in 1.6 Myrs after the onset of the collision. The present synthetic observations are made for a relative velocity 7 km s −1 at 1.6 Myrs. • between the line of sight and the cloud relative motion. Phase I shows the early stage of the collision that the two clouds are seen without stars. Phase II shows the next stage that O or B star forms in the interface and an HII region is the very small such as the compact HII region. Phase III shows the stage that the inside of the cavity is filled with HII gas ionized by an O star and the small cloud is dissipated by ionization.
